The effect of sodium chloride and/or sucrose content on the denaturation (T d ) and the glass transition (T g ) temperatures of osmotically dehydrated tilapia fillets using binary or ternary solutions at 20°C, was evaluated. DSC analyses revealed that myofibrillar proteins denaturation temperatures and enthalpies decreased with increase in muscle salt content. Sugar produced a stabilizing effect on denaturation of the fillets proteins. When ternary solutions were used, sucrose did not protect the proteins against the ionic stress produced by the salt.  T g was affected by the residual moisture content of 
INTRODUCTION
Osmotic dehydration is a process used for the concentration of water-rich foodstuffs and consists of immersing food pieces in concentrated solutions of salt, sugar, acids, and so on. When food is immersed in such a solution, a water flux occurs from the food to the solution and generally a flux of solute also occurs from the solution to the food. Thus, this process can also cause an increase in the solute content of the food. As a consequence, osmotic dehydration has also been considered as an impregnation process. [1, 2] Osmotic dehydration can be used as a fish salting process, and is still widely applied in many countries due to its relative simplicity and low cost. In order to salting fish by this wet process, a hypertonic sodium chloride solution is normally used. [3] [4] [5] Sodium chloride has a strong effect in the reduction of the water activity, despite its limited capacity in reducing the moisture content. This behaviour is due to salt impregnation, which can also cause considerable changes in the fish protein quality. For similar purposes, other low molecular weight compounds such as sucrose may also be used.
In contrast to the sodium chloride solutions, sucrose solutions produce a greater reduction in moisture content and lower solute impregnation during the osmotic dehydration process of meats. As sucrose is not a compound normally present in animal tissues, muscle cell permeability to sucrose could be very low. Also, many authors consider that a slight increase in solute molecular weight reduces the gain in solute for an equivalent water loss, which results in a greater weight reduction. [6] One might expect that the combination of two solutes, such as sucrose and sodium chloride, could provide the advantages of both, such as a high moisture reduction with a low impregnation rate, [6, 2, 7] thus reducing the loss in fish protein quality. Changes in meat solute concentration can affect the configuration of muscle proteins causing denaturation, which can be considered as any modification of the protein structure (secondary, tertiary, or quaternary), without necessarily breaking the peptide chains in their primary structure. Denaturation causes an important reduction in protein solubility and consequently in the water binding capacity of the meat.
Protein denaturation is an irreversible endothermic order-disorder transition, [8] which has been studied by thermal analysis. [9] [10] [11] [12] Park and Lanier [11] studied the behaviour of the Tilapia myofibrillar proteins, such as myosin and actin, during the surimi process, and observed that the denaturation temperature (T d ) of myosin remained fairly constant at around 58°C during the reduction of the particle size and subsequent leaching to produce surimi, whilst that of the actin T d decreased. Hastings et al. [10] used DSC to verify that fish myosin was susceptible to denaturation during frozen storage and dehydration.
Meanwhile, although denaturation is an important property of the moist product, glass transition, is the most important for dried products. [13] [14] [15] [16] [17] [18] [19] [20] Glass transition is a second order phase change from a stable glassy solid to a rubbery (less stable) state. [8] Knowledge of the glass transition temperature (T g ) is very important in stability studies and to determine the best storage condition for a dried product. T g is also affected by the moisture content and/or solute concentration of foods. [14] The most common method used to determine glass transition is the differential scanning calorimetry (DSC) that detects the change in heat capacity occurring over the transition temperature range. [15] Aguilera et al. [16] studied the glass transition temperature of hydrolysed fish protein and the collapse in structure, observing that an increase in water activity (a w ) from 0 to 0.64 caused a decrease in T g from 79 to −43°C. Inoue and Ishikawa, [17] in a trial with fresh tuna (Thunnus obesus) meat and its filtrate, showed a great influence of the salt content on the glass transition temperature. Thus, considering the lack of information on the properties of tilapia muscle after osmotic dehydration using concentrated solutions of sucrose and sodium chloride, the objective of this work was to study the influence of sodium chloride and/or sucrose concentrations on protein denaturation and on the glass transition temperature of osmotically dehydrated tilapia fillets, as determined by differential scanning calorimetry (DSC).
MATERIAL AND METHODS
Nile tilapias (Oreochromis niloticus), stored on ice, were acquired at a local market and processed into fillets within 24 h after capture. The physical characteristics of each fish and fillet were as follows: fish weight, 300-350 g; fish length, 23-25 cm; average fillet thickness 1.33-1.55 cm and fillet density 1.065-1.072 g/cm. 3
Osmotic Dehydration
Aqueous solutions of sucrose (66.67 g/100 g of water or 40% w/w), sodium chloride (35.14 g/100 g of water or 26%, w/w) and mixed solutions of sodium chloride and sucrose (66.67 g sucrose plus 35.14 g NaCl in 100 g of water) were used for the osmotic dehydration of the fillets. These concentrations were chosen based on previous work showing these values to be those leading to a higher mass transfer in the osmotic dehydration of tilapia fillets. [7] The solutions were prepared using commercial sugar and salt and distilled water.
Tilapia fillets (Oreochromis niloticus) were soaked in the previously described binary or ternary solutions at a constant temperature of 20°C and a 1:10 product to solution ratio. Fillet samples were removed from the solution at regular intervals in order to obtain samples with increasing solute concentration. They were superficially drained and then gently dried with absorbent paper tissue and stored for 12 h at 4°C with the purpose of obtaining uniform distribution of the water and solutes in the samples. The fillets were then ground and aliquots taken for analysis. The sodium chloride content was determined by quantification of the Na + ions using a flame absorption photometer (Analyser 910M, São Paulo, SP, Brazil). The sucrose content was determined by the Lane and Eynon method [18] and the moisture content by oven drying to constant weight at 105°C. [5] 
Thermal Analyses
The state transitions of the fish fillets were studied with a temperature modulated differential scanning calorimeter (TMDSC-TA 2920, TA Instruments Inc., New Castle, DE, USA), using 25 mL/min dry helium as the purging gas. For trials at very low temperatures (≤ −70°C), a liquid nitrogen-cooling accessory was used to reduce the cell temperature but otherwise, a mechanical refrigeration system (RCS) was applied. The temperature and melting calibrations were performed with indium [m p =156.6°C and ΔH m = 28.5 J/g] and milli-Q deionised water [m p =0.0°C and ΔH m =333 J/g].
For the determination of the denaturation properties, the TMDSC was operated in the conventional mode from 15 to 90°C, with a heating rate of 10°C/min and with one empty pan as reference. Immediately after osmotic dehydration of the filets, samples of 10 to 15 mg (± 0.01 mg) were closed in hermetic aluminium pans (20 μl). The denaturation temperature (T d ) and enthalpy (ΔH d ) were considered as those corresponding to the maximum peak and to the area of the endothermic peak, respectively, both using the Universal Analysis V.2.5H software (TA Instruments Inc., New Castle, DE, USA). All analyses were run in triplicate. In order to study glass transition temperatures, the TMDSC was operated from -130 to 200°C in the dynamic mode with a heating rate of 3.5°C/min, period of 40 s and amplitude of 0.5°C, also with one empty pan as reference. Before heating, the pans were cooled to 8°C/min. The modulation conditions were selected according to the Lissajous figures method, as described by Georget et al. [19] According to Reading et al., [21] Baroni et al., [20] and Bell and Touma, [22] the glass transition temperature can be observed as an inflexion on the reversible heat flux baseline, resulting from a change in material heat capacity. Glass transition temperatures were calculated from deconvoluted reversing signals. [20] Data were treated with Thermal Solutions Software (TA Instruments, New Castle, DE, USA).
For the measurement of Tg, fresh and osmotically dehydrated fillets were frozen in liquid nitrogen and then freeze-dried (Bench Freeze-dryer Heto-FD3, Germany, −55°C, 0.05 bar) for 48 h. The dried samples were crushed and maintained in desiccators with P 2 O 5 until constant weight was reached. These samples were considered to be "waterfree" and then placed in the DSC aluminium pans, weighed and equilibrated over saturated salt solutions (a w =0.11 to 0.85) in desiccators at 25°C until equilibrium was reached. [20] The final water content was calculated from the mass variation of the samples. GAB model (Eq. 1) was used to describe water sorption isotherms.
where C and K are constants; M is related to monolayer moisture; and a w is the water activity.
RESULTS AND DISCUSSION
The kinetics of solute (sodium chloride and sucrose) gain by the tilapia fillets in the first seven hours of osmotic dehydration can be observed in Figure 1 . This period corresponds to the highest rate of solute gain and water loss. The kinetics of solute uptake presented similar behaviour to that of other solute uptake kinetics for the same solutes, carried out at a different volume rate between the solution and fillet (4:1) in a previous study. [7] It is very clear that when using ternary solutions, the presence of one solute causes a lower gain of the other. After osmotic dehydrations, the solute concentrations of fillets were 14.3 g NaCl/100 g of sample and 11.7 g of sucrose/100 g of sample obtained
The kinetics of the sodium chloride (NaCl) and sucrose contents of tilapia fillets during osmotic dehydration using binary solutions of NaCl and sucrose or ternary solutions (NaCl-water-sucrose). w.b. = wet basis. using binary (NaCl or sucrose-water) solutions; and 7.1 g of NaCl/100 g sample and 7.6 g of sucrose/100 g of sample for the ternary (NaCl-water-sucrose) solutions.
Denaturation Properties
DSC thermograms of tilapia fillets, both fresh and osmotically dehydrated in sodium chloride solutions, are shown in Figure 2 . It can be observed that the thermogram of the fresh fillet presented two important first order transitions, like endothermic peaks, with a less intense transition, like a shoulder. These curves are typical of the thermal behaviour of fish muscle proteins, as reported by several authors. [11, [23] [24] [25] [26] The first (lower temperature) endothermic transition with a peak temperature at 54.7 ± 0.2°C, may be associated with denaturation of the myosin (Table 1) , and the second, at 75.2 ± 0.1°C, was due to that of the actin, both being contractile myofibrillar proteins. These results agree with those obtained by Monterrey-Quintero and Sobral, [24] who reported the denaturation temperatures of myosin and actin from tilapia muscle as being 54 and 76°C, respectively. However, Park and Lanier, [11] also working with tilapia muscle, found a different value for the denaturation temperature of myosin (59°C), but a similar value for that of actin (74°C). According to Monterrey-Quintero and Sobral, [26] the observed intermediary transition is due to the denaturation of stromatic proteins such as collagen.
The effect of increasing sodium chloride concentration in the muscle on denaturation temperatures (T d ) is evident from Figure 2(A) ; the denaturation temperatures of myosin and actin shifted towards lower values together with a reduction in denaturation enthalpy (Table 1 ). This reduction in T d is assumed to be due to a loss of protein stability (Park and Lanier [24] ). Nevertheless, actin proved to be more stable than myosin, showing a reduction in T d from 75 to 71°C as against 54 to 43°C for myosin, the salt content increasing from 0 to 11.4g/100 g fillet. At the higher muscle sodium chloride content (11.4g/100 g fillet), the endothermic transition due to myosin denaturation disappeared (Figure 2A) .
On the other hand, the reduction in denaturation enthalpy is an indication that a fraction of the proteins was cold denaturated by contact with the solute. Similar results can be observed in the work of Furukawa et al. [27] The conformational structure, and consequently the thermal stability of proteins, can be effectively affected by its chemical environment, such as the ionic strength. [21] Harwalkar and Ma [28] showed different behaviour, with an increase in the denaturation temperature of oat globulin as the sodium chloride content increased. According to Danilenko et al., [29] the improvement in heat stability of this kind of protein can be attributed to an augmentation of hydrophobic interactions in its native conformation. The difference in structure between globular and myofibrillar proteins may explain this different behaviour in the presence of salt. [30] DSC thermograms of tilapia fillet osmotically dehydrated in sucrose solutions are shown in Figure 2B . The presence of this sugar in the tilapia muscle, contrary to that observed with sodium chloride, increased the peak area corresponding to myosin denaturation, hiding the intermediary transition that appears between the peaks of the main proteins. The denaturation temperature of both proteins slightly increased, suggesting their stabilization. The same behaviour was also observed by Park and Lanier [31] in the calorimetric study of tilapia muscle with 8% of sucrose, where the denaturation temperature of the myosin increased by 2.5°C. Wimmer et al. [32] explained that the increase in the T d of a protein could be caused by the organisation of solvent (water) molecules around the protein molecules, producing an increase in hydrophobic interactions in these macromolecules. In other words, sucrose causes a decrease in surface hydrophobicity of the protein. [33] The DSC thermograms of tilapia fillets soaked in ternary solutions (water-NaCl-sucrose) can be observed in Figure 2C . The overall behaviour is very similar to that observed with pure chloride sodium, as shown in Figure 2A , despite the presence of sucrose. Thus, the destabilizing effect of salt is more important than the stabilizing effect of sucrose. Comparing similar solute concentrations in the fillets, it can be observed that the myosin T d obtained from fillets dehydrated in ternary solutions with concentrations to the order of 4.9g NaCl/100 g fillet and 6.2 g sucrose/100 g fillet, was 51.9°C, while for fillets with 5.3 g NaCl/100 g fillet and 4-8 g sucrose/100 g fillet dehydrated in binary solutions, the myosin T d was 50.7°C and 56.0°C, respectively. Therefore, it must be pointed out that the presence of sucrose did not protect the protein against the ionic strength of the salt. Park and Lanier [31] also observed this behaviour, as did Furukawa et al., [27] who reported that sucrose addition did not restore the protein stability displaced by the salt.
Glass Transition
Sample conditioning at different water activities led to the water vapour sorption isotherms at 25°C shown in Figure 3 . The obtained parameters as well as the determination coefficients are shown on Table 2 . The behaviour of these sorption isotherms can be explained in two regions. Up to water activity (a w ) values around 0.5, the sample equilibrium moisture content (X eq ) was almost the same. On the other hand, for a w values above 0.5, the sample moisture content increased markedly with increasing water activity, depending on the presence of solutes. A clear synergistic effect can be observed when both solutes are used in the fillets. All figures show midpoint glass transition temperature. Figure 4A shows that with samples conditioned at low water activities (0.11), the effect of impregnated solutes on the T g was not very clear, but for high a w values ( Figure 4B) , the samples presented different T g values . It can be seen that salt and sucrose had a plasticizing and antiplasticizing effect, respectively, since the glass transition of samples osmotically dehydrated with these solutions occurred at lower and higher temperatures respectively, when compared to samples with no solute. Also, the effect observed in samples osmotically dehydrated in ternary solutions was intermediary. This behaviour was obviously also affected by samples moisture content. For samples conditioned at a w = 0.11, the final equilibrium moisture contents were very close, remaining between 0.03 and 0.07, whilst at high a w , the sample moisture content was very different, as can be seen in Figure 3 . Thus, it can be considered that the effect of the impregnated solute on T g was indirect, affecting the respective equilibrium moisture content of the samples.
The glass transitions calculated as the initial, mid and end transitions temperatures, according to Rahman et al., [34] are shown in Table 3 . The effect of water activity on the T g of osmotically dehydrated samples can be better observed in Figure 5 . In spite of the wide temperature range, it can be observed, as a general tendency, that T g shifts towards lower values as a consequence of increases in the water activity, due to the plasticizing effect of water. [8] Nevertheless, at high water activity this shift became more clear and sharp due to the samples moisture content increasing. For fillets osmotically dehydrated in NaCl and sucrose aqueous solutions, this behaviour was more evident, which is a characteristic of a multicomponent system. [35] For the fillets osmotically dehydrated in sodium chloride solutions ( Figure 5A ), T g decreased from 83 to −96°C when a w increased from 0.11 (X eq = 0.03, d.b.) to 0.85 (X eq = 0.88, d.b.). However, for osmotically dehydrated fillets in sucrose solutions ( Figure 5B ), the T g temperature only decreased to −53°C as the water activity increased from 0 to 0.85, because the equilibrium moisture content reached a less important value (X eq = 0.33, d.b.) than that obtained with sodium chloride solutions. An intermediary behavior was clearly observed for samples dehydrated in ternary solutions ( Figure 5C ), for which T g decreased from 72 to −81°C, as a w increased from 0 to 0.82 (X eq = 0.63, d.b.). In Figure 6 , for untreated fillets, conditioned at several different final relative moistures, can be observed similar behavior to the thermograms of Figure 5 .
The plasticizing effect of sample moisture content can be better visualized in Figure 7 . In some cases, such as for samples osmotically dehydrated with the salt and ternary solutions, the glass curves were clearly visible. [36] Unfortunately, for other treatments, there was not enough data to observe the parabolic decay of T g as a function of moisture content. The T g values determined in this work agree with those observed by Inohue and Ishikawa [17] for a tuna fish variety, but were higher than those measured by Aguilera et al. [16] for hydrolysed fish protein, certainly due to the lower molecular weight of these proteins. The T g values determined in this work suggest that the dehydrated tilapia fillets can be adequately stored at room temperature with a water activity of 0.44. The difference between storage and glass transition temperatures (T-T g ) has been used as a fitting parameter to describe the rate of product physical change. [37] Deteriorative changes can be prevented as a consequence of the reduction in T-T g , resulting in an increase in the system viscosity and consequent decrease in molecular mobility. 
CONCLUSIONS
The salt migrating into the fillets caused an important destabilisation of the muscle proteins. The denaturation temperatures and denaturation enthalpies of the tilapia myofibrillar proteins decreased with increase in sodium chloride content of the fillets. Myosin was more sensitive to salt than actin and sucrose presented a stabilisation effect. Myosin and actin denaturation temperatures slightly increased with an increase in sucrose content of the muscle. For samples dehydrated in ternary solutions, the denaturation temperature of the myofibrillar proteins decreased with increase in sodium chloride content, i.e., the sucrose did not protect the proteins against the destabilizing effect of the salt. On the other hand, the effect of solutes on the protein glass transition temperatures was indirect, affecting the sample equilibrium moisture content. The most significant effect on the glass transition temperature was observed for samples dehydrated in salt solutions, presenting higher equilibrium moisture contents after conditioning.
